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Description

[0001] The present invention relates to a method for functionalizing carbon based nanomaterials (CBN) such as
graphene, graphite, carbon nanotubes, fullerenes, etc., as well as to a compound usable in said method and respective
post-functionalized carbon based nanomaterials.

[0002] Functionalization of carbon based nanomaterials by covalent and non-covalent approaches is a well-known
and simple strategy to increase their processability and to develop them to a wide range of favorite nanomaterials.
Reaction between a conjugated 7z-system and nitrenes, produced by azide precursors, is one of the most common
methods to introduce functional groups onto the surface of carbon based nanomaterials including fullerenes, carbon
onions, carbon nanotubes, and graphene. Polymers with azide functional groups are also conjugated onto the surface
of carbon based nanomaterials by nitrene chemistry.

[0003] Xiu-Zhi Tang et al. in Carbon, vol. 49 (2011), no. 4, pages 1258 to 1265 describes enhanced thermal stability
in graphene oxide covalently functionalized with 2 amino-4,6-didodecylamino-1,3,5-triazine.

[0004] Stefan loan Voicu et al. in Bioelectronics, Biomedical, and Bioinspired Systems V, and Nanotechnology V. vol.
8068 (2011), no. 1, pages 1 to 9 describes covalent enzyme immobilization onto carbon nanotubes using a membrane
reactor.

[0005] RU 2 423 356 C1 describes a method for synthesis of 2-azido-4,6-dichlorotriazine.

[0006] However, due to the aromaticity of carbon based nanomaterials and stability of their z~system, conjugation of
molecules or macromolecules onto their surface by [2+1] nitrene cycloaddition is usually a time consuming reaction and
harsh conditions are required. These conditions can lead to alteration/destruction of the CBNs and the functional groups,
respectively.

[0007] As an alternative, functionalization of carbon nanotubes and graphene sheets by perfluoroazides as precursors
of highly reactive nitrenes at ambient temperatures has been reported recently. Herein, perfluoroazides containing a
carboxyl functional group were used through which a variety of polymers or functional groups were conjugated onto the
surface of the mentioned carbon based nanomaterials. However, while these reactions are carried out under lower
temperature conditions, supply of energy is still required. In addition, the use of perfluoroazides to functionalize carbon
based nanomaterials is restricted by a rather complex chemistry and the formation ofinhomogeneous products. Moreover,
it has remained unclear whether the efficiency of the reactions is superior to the established [2+1] nitrene cycloaddition
approach. In addition, since perfluoroazides in these reactions are not commercially available compounds and their
synthetic procedures are sometimes problematic, high scale functionalization by the above methods is not possible. On
the other hand, these precursors are mostly perflourocompounds and their post-functionalization by direct nucleophilic
substitution of fluoride groups is not possible. Therefore, postfunctionalization is not a straightforward, easy process and
is not compatible with a variety of chemical reactions under different conditions.

[0008] The problemunderlying the presentinvention is thus to overcome the above-mentioned problems and to provide
a facile and efficient method to functionalize and post-functionalize carbon based nanomaterials at a variety of ambient
or near ambient conditions using cheap and easily available compounds, and to provide functionalized and post-func-
tionalized carbon based nanomaterials with a high grade of functionalization and homogeneity.

[0009] Therefore, afirst aspect of the present invention relates to a method for functionalizing carbon based nanoma-
terials, comprising reacting a carbon based nanomaterial (CBN) comprising at least one conjugated 7electron system
with a compound of the following general Formula (1):

1 R2
RU_N

T

Formula (1)

N N

wherein Q represents a nitrene precursor or a nitrene, and R and R2 independently from each other represent a leaving
group, to obtain a functionalized carbon based nanomaterial of the following general Formula (2):
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RJ N R2
N

N'Y/N

N ,

VAV
iR

Formula (2).

[0010] Herein, the expression "carbon based nanomaterial" is not particularly restricted and includes any type of
material that is based on carbon as it main component. In particular, the carbon based nanomaterials according to the
present invention may have a carbon skeletal structure composed of carbon rings, in which one or more of the carbon
atoms may be replaced by heteroatoms such as e.g. nitrogen, boron, silicium etc. The size of the various rings is not
particularly restricted and includes rings such as 3-membered, 4-membered, 5-membered, 6-membered, 7-membered,
8-membered etc. rings. The carbon based nanomaterial (CNB) can either be a compound which is dispersible in organic
or inorganic solvents or a solid surface. In the latter case, the same reactions can be performed by exposing the solid
surface of the CBN to reagents. According to the present invention, a structural unit of the carbon based nanomaterial
is graphically represented by the following general Formula (7).

vh X
Formula (7)

[0011] While the structural unit depicted in Formula (7) is used herein as a representation of a general reaction site
within the CBN comprising a conjugated z-electron system, it is understood that the method and the (post-)functionalized
carbon based nanomaterial of the present invention are not limited to said structural unit as such or the usual physical
state of the CBN.

[0012] For example, it should be noted that the above Formula (7), although schematically depicted as a 6-membered
ring, includes other structural units of the carbon based nanomaterial having a different ring size, such as those defined
above. This definition is further described in Figure 1, in which the above Formula (7) exemplarily represents 5-membered
or 6-membered rings in a graphene sheet or in a fullerene. Similarly, the structural unit of Formula (7), while containing
exemplarily six delocalized #-electrons, also includes cases with different number of delocalized z-electrons, such as
two or four. Furthermore, Formula (2) is not restricted to three-membered rings as junction between the functional group
and the CBN. The three-membered ring can be in the open or closed form.

[0013] Moreover, the position of the reaction site within the CBN as represented by the structural unit of Formula (7)
is not specifically limited and can be at a border portion of the CBN or at a center portion thereof (cf. for example Figure
2). According to the present invention, the reaction can take place at a single site within the CBN or can take place at
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multiple sites. For example, the method of the present invention can be used to functionalize a part or the entirety of the
surface of a CBN to thus provide the carbon based nanomaterial with a desired functionality and specific chemical and
physical properties. This functionalization results in a hetero-atom doped CBN such as a nitrogen-doped CBN.

[0014] Herein, the expression "conjugated z-electron system" is not specifically restricted and in its broadest sense
refers to a region of overlapping p-orbitals within the CBN, bridging the interjacent single bonds. This allows a delocal-
ization of n-electrons across all the adjacently aligned p-orbitals. In such a conjugated system, the z-electrons do not
belong to a single bond or atom, but rather to a group of atoms. According to the present invention, the conjugated
n-electron system is not specifically limited with respect to its size and may e.g. be comprised of two interjacent carbon-
carbon double bonds or may extend over a large number of bonds within the CBN structure.

[0015] According to one embodiment of the present invention, the carbon based nanomaterial is selected from the
group consisting of carbon nanotubes, graphene, graphite, graphene oxide, graphite oxide, nanodiamonds, nanohorns,
nanoonions, carbon dots and fullerenes in any physical state.

[0016] In a further embodiment of the method as defined above, the reaction is carried out at a temperature of 50°C
or below. For example, the reaction may be carried out at 40°C or below, at 35°C or below, or at 30°C or below. According
to a preferred embodiment, the reaction may be carried out at 25°C (room temperature) or below, for example at 20°C
or below, at 15°C or below, at 10°C or below, or at 5°C or below.

[0017] The temperature may be adjusted by supplying energy to the reaction mixture by any method known to a person
skilled in the art, including the use of a heating plate or microwave irradiation. The temperature may also be adjusted
by cooling the reaction mixture by any method known to a person skilled in the art, including the use of e.g. an ice bath
or a cryostat.

[0018] The reaction time is not particularly limited and e.g. includes reaction times from a few minutes to several hours
or days. A person skilled in the art will readily adjust the reaction time depending on the reaction temperature, starting
materials, solvent and intended density of functionalization of the carbon based nanomaterial. According to one embod-
iment, the reaction is carried out as an overnight reaction, i.e. in about 12 hours.

[0019] The number of conjugated triazine groups per carbon atoms of carbon based nanomaterials (density of func-
tionalization) introduced by the method of the present application is not particularly restricted. A person skilled in the art
will readily select the type of carbon based nanomaterial, temperature, solvent etc. to achieve the intended density of
functionalization. The density of functionalization may, for example, be varied between 0.5 to 10%, preferably between
1to 4%. The density of functionalization can be improved to even one functional group per several carbon atoms of the
CBN by consecutive reactions.

[0020] By using the compound of Formula (1) as defined above, the functionalization reaction of the present application
can be carried out effectively at temperatures as low as room temperature or below. This advantageous effect is inter
alia based on the electronic configuration of the triazine structure. In particular, the highly reactive compound of general
Formula (1), in which Q is a nitrene precursor or a nitrene, efficiently conjugates via residue Q onto the surface of carbon
based nanomaterials at ambient conditions, e.g. by [2+1] nitrene cycloaddition (cf. Figure 2).

[0021] Moreover, according to one embodiment in the above-defined method, the reaction mixture is sonicated. Ac-
cording to the present invention, sonication, such as the application of ultrasound, advantageously leads to an increase
in yield by promoting debundling of CBNs such as nanotubes, or by promoting separation of the layers of a CBN such
as graphite. There is no limitation with respect to the type and method for carrying out sonication and typical examples
include the use of an ultrasound bath or an ultrasound horn. The sonication may be carried out during the entire reaction
time or at intervals during the reaction. For example, sonication may be performed at intervals during the reaction for
10 to 20 minutes.

[0022] According to the present invention, the solvent of the functionalization reaction is not particularly restricted, and
thus any suitable protic or aprotic solvent or solvent mixture can be used. According to specific embodiments, the solvent
is N-methyl-2-pyrrolidon (NMP), dimethylformamide (DMF) or 1,2-dichlorobenzene.

[0023] A further embodiment relates to the above-defined method, wherein R! and R2 are independently selected
from fluoride, chloride, bromide, iodide, and tosylate. According to a preferred embodiment, each of R' and R2 is chloride.
[0024] A further embodiment relates to the method as defined above, wherein Q is an azide group or an isocyanate
group. According to a particularly preferred embodiment, Q is an azide group. The use of an azide group is particularly
preferred, since as a nitrene precursor, it can readily undergo a [2+1] cycloaddition with a delocalized #-electron system
in the CBN. In addition, the use of an azide group is also preferable from a synthesis standpoint, because it may easily
be introduced into the compound of general Formula (1) by reaction e.g. with a metal azide.

[0025] In a further embodiment of the above-defined method, Q is an azide group and the compound of general
Formula (1) is generated in situ by the reaction of a metal azide and a compound of the general Formula (3):
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RJ N\ R2
NY
R

Formula (3)

N

w

wherein R' and R2 are defined as above, and R3 is selected from fluoride, chloride, bromide, iodide and tosylate.
[0026] In an even further embodiment in the method as defined above, each of R', R2 and R3 is chloride and the metal
azide is sodium azide. By using the compound of Formula (3) in which each of R, R2 and R3is chloride a cheap starting
material is available into which a nitrene precursor group, or a nitrene as such, can readily be introduced (cf. Figure 3).
[0027] Moreover, in one embodiment, the method as define above further comprises reacting the functionalized carbon
based nanomaterial of the following general Formula (2)

Rd N\ _R?
|

N N

b

N

VAV

Formula (2)

with a nucleophilic compound X to obtain a post-functionalized carbon based nanomaterial according to the following
general Formula (4):
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X N R2

N\(

N

X
N

b"z{_

Formula (4)

[0028] According to the present invention, the nucleophilic compound X is not particularly restricted and may be any
nucleophilic compound that is suitable to react with the functionalized carbon based nanomaterial of general Formula
(2). The nucleophilic compound X may be an uncharged compound such as e.g. an amine or an alcohol, or a charged
compound such as e.g. an alcoholate. A person skilled in the art is aware of the fact that the nucleophilic compound X,
particularly in case of being an uncharged compound, may lose a leaving group after/during attacking the functionalized
carbon based nanomaterial of general Formula (2) to return being uncharged. For example, if the nucleophilic compound
X is an amine compound R-NH,, said compound may be deprotonated during or after reaction to form a compound of
general Formula (4) wherein X is NH-R (cf. Figures 4 and 5). This fact is well known to a person skilled in the art and it
is understood that the substituent X encompasses both the initial nucleophilic compound as well as the substituent bound
after reaction.

[0029] In a particular embodiment of the above-defined method, the nucleophilic compound X is an amino-function-
alized polyglycerol, an amino-functionalized cyclodextrin, a polymer, an initiator for polymerization, an amino acid, a
biopolymer, DNA, RNA, a dye, a fluorescein, a biosystem or any other kind of nanomaterials such as a gold nanoparticle,
or a polycaprolactone.

[0030] Moreover, according to a further embodiment, the afore-defined method further comprises reacting the post-
functionalized carbon based nanomaterial according to general Formula (4) with a nucleophilic compound Y to obtain
a post-functionalized carbon based nanomaterial according to the following general Formula (5):
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X N Y
X

N'Y/N
N

VAV
_g %‘
VAR

Formula (5)

[0031] According to the present invention, the nucleophilic compound Y is not particularly restricted and may be any
nucleophilic compound that is suitable to react with the post-functionalized carbon based nanomaterial of general Formula
(4). The nucleophilic compound Y may be an uncharged compound such as e.g. an amine or an alcohol, or a charged
compound such as e.g. an alcoholate. A person skilled in the art is aware of the fact that the nucleophilic compound Y,
particularly in case of being an uncharged compound, may lose a leaving group after/during attacking the functionalized
carbon based nanomaterial of general Formula (4) to return being uncharged. For example, if the nucleophilic compound
Y is an amine compound R-NH,, said compound may be deprotonated after attack to form a compound of general
Formula (5) wherein Y is NH-R. Thus, as defined above for substituent X, substituent Y also encompasses both the
initial nucleophilic compound as well as the substituent bound after reaction. The nucleophilic compound Y may also be
one of the specific nucleophilic compounds as defined for the nucleophilic compound X above.

[0032] Furthermore, according to one embodiment of the above-defined method the nucleophilic compound Y is an
azide or a thiol, e.g. for further post-functionalization, or another kind of nanomaterial. Such a post-functionalization may
e.g. be a click-reaction with a compound such as propargyl bromide, or a Michael or redox reaction. Conjugation of an
azide group and heating the azide-functionalized CBN can result in a more complex and new CBN.

[0033] According to one embodiment of the present invention, nucleophilic compounds X and Y are the same, and
thus a homofunctional surface in the CBN can be provided.

[0034] According to another embodiment of the present invention, nucleophilic compounds X and Y are different from
each other, and thus it is advantageously possible to provide a bifunctional surface in the CBN. This results in an
asymmetric functionalization of the CBN. In this embodiment, the reaction with the nucleophilic compound X is preferably
carried out at a temperature lower than the reaction with the nucleophilic compound Y. For example, the reaction
temperature in the reaction with the nucleophilic compound X is lower than the reaction temperature with the nucleophilic
compound Y by 10°C or more, by 15°C or more, by 20°C or more, or by 25°C or more. Due to the difference between
the reactivity of the functionalized carbon based nanomaterial of general Formula (2) and the post-functionalized carbon
based nanomaterial of general Formula (4) as a result of the different number of leaving groups, it is advantageously
possible to provide a bifunctional surface in the CBN by manipulation of the reaction temperature.

[0035] For example, based on the different reactivity of these two nucleophilic substitution reactions, it is advanta-
geously possible to selectively introduce nucleophilic compound X at a lower temperature such as 35°C or less, 30°C
orless, 25°C or less, or 20°C or less, and to subsequently introduce nucleophilic compound Y at a higher temperature,
such as 40°C or more, 45°C or more, 50°C or more, or 55°C or more. According to another example, in case nucleophilic
compounds X and Y are the same, both post-functionalization reactions can be advantageously carried out in a single
reaction at elevated temperatures of e.g. 40°C or more, 45°C or more, 50°C or more, or 55°C or more. A high-density
homofunctional surface can thus be obtained in an efficient one-step reaction.

[0036] According to the present invention, the solvent of the above-mentioned post-functionalization reaction is not
particularly restricted, and thus any suitable protic or aprotic solvent or solvent mixture can be used. According to specific
embodiments, the solvent is N-methyl-2-pyrrolidon (NMP), water, methanol, dichloromethane or N,N-dimethylformamide
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(DMF).

[0037] The reaction time for post-functionalization is not particularly limited and e.g. includes reaction times from a
few minutes to several hours or days. A person skilled in the art will readily adjust the reaction time depending on the
reaction temperature, type of the reaction, starting materials and solvent. Moreover, the reaction mixture may also be
sonicated during post-functionalization.

[0038] A further aspect of the present invention relates to a use of a compound represented by the following general
Formula (1):

R3 N R2
N

N Y
| Q

Formula (1)

N

wherein Q represents a nitrene precursor or a nitrene, and R' and R2 independently from each other represent a leaving
group or a reacting functional group such as an amino group, an alcohol group etc., in the functionalization of carbon
based nanomaterials by [2+1] nitrene cycloaddition. It should be noted that the definitions provided above for groups Q,
R' and R2 also apply for the same groups in this aspect.

[0039] Another aspect of the present invention relates to a functionalized or post-functionalized carbon based nano-
material represented by the following general Formula (6):

Vo X
Formula (6)

wherein Z1 and Z2 are independently from each other selected from a halogen atom, an amino group, a hydroxy group,
an ether group, an ester group, a substituted or unsubstituted alkyl group, a substituted or unsubstituted aromatic group,
an substituted or unsubstituted heteroaromatic group, a polyglycerol group, a macrocycle, a nanoparticle, a cyclodextrin,
a calixarene, a polymer, an initiator for polymerization, an amino acid, a biopolymer, DNA, RNA, a biomacromolecule,
a macromolecule and a dye. When Z' and/or Z2 is a polymer, the production of carbon surfaces with different but
controlled polymer coverage is possible for the first time. For example, conjugation of polyglycerol step by step to the
triazine functional group of a graphene sheet results in sheets with low and high polyglycerol coverage in which 50% or
100% of the surface is covered by this polymer, respectively. A post-functionalization of a CBN by this method and using
charged materials advantageously results in carbon surfaces with a tuned surface charge
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[0040] According to a further aspect, the present invention provides a method for functionalizing carbon based nano-
materials such as graphene oxide or a nanodiamond by reacting the carbon based nanomaterial with a compound of
the general Formula (3) wherein at least one of R1, R2 or R3 is chloride. In this embodiment, the triazine compound of
the general Formula (3) is conjugated to the CBN by a nucleophilic substitution reaction between the chloride functional
group of the triazine and any hydroxyl functional groups of the CBN.

[0041] The Figures show:

Figure 1 shows various structures which are represented in the present invention by Formula (7).

Figure 2 shows the reaction of the compound of general Formula (1), in which Q is a nitrene precursor or a nitrene,
via residue Q onto the surface of a carbon based nanomaterial.

Figure 3 schematically shows the reaction of a compound of general Formula (1), which is generated in situ by the
reaction of sodium azide, and a compound of the general Formula (3), with a CBN to yield a CBN that is functionalized
at multiple sites.

Figure 4 schematically shows the reaction of the functionalized CBN of Figure 3 with an amine nucleophile to yield
a post-functionalized CBN, which may be further post-functionalized by another nucleophilic compound at the chloro
substituents.

Figure 5 schematically shows a variety of (post)-functionalized CBNs of the graphene type (top) or of the nanotube
type (bottom).

[0042] The presentinvention provides a versatile and simple method for functionalizing carbon based nanomaterials
(CBN) which can be carried out an ambient temperature of 50°C or below, i.e. at temperatures that do not alter/deteriorate
the CBN and functional groups. The functionalized carbon based nanomaterials obtained by the method of the present
invention can be further (post-)functionalized to readily provide bi- or homofunctional surfaces in CBNs while avoiding
harsh reaction conditions and thus the formation of undesired by-products and inhomogeneous products (cf. Figure 5).
These post-functionalization reactions can be carried out easily and selectively by exploiting the different reactivities of
the individual leaving groups at different temperatures.

[0043] Inthefollowing, the presentinvention is further described in more detail, however, without any restriction thereto.

Examples:
Materials and methods:

[0044] Multi-walled carbon nanotube (MWNT, length= 5 um, diameter= 6-9 nm), double-walled carbon nanotube
(DWNT, length= 3 pwm, diameter= 3.5 nm), single-walled carbon nanotubes (SWNT), Fullerene (Full), glycidol, 2,4,6-
trichloro-1,3,5-triazine (cyanuric chloride or triazine), and dialysis bag (benzoylated cellulose, MWCO 2000 and 50000)
were provided from Sigma-Aldrich (Schnelldorf, Germany). Graphene (RGO) was prepared by reduction of the graphene
oxide according to reported procedure in literature. Sodium azide and N-methyl-2-pyrrolidone were purchased from
Merck (Germany). Propargyl bromide was purchased from Acros Organics (Geel, Belgium). Infrared (IR) spectra were
recorded using a JASCO spectrometer. TH-NMR spectra were recorded in D,O solution on a Bruker DRX 500 (500
MHz) apparatus with the solvent proton signal for reference. 13C-NMR spectra were recorded at 125.7 MHz on the same
instrument using the solvent carbon signal as a reference. All polymer NMR spectra were recorded at a concentration
of 20 mg/mL of sample. Ultrasonic bath (Model: SONOREX, RK255 HZ, Made in Germany) was used to disperse
materials in solvents. TGA measurements were recorded by a STA 409 apparatus (from Netzsch) in temperatures
ranging from 25-800 °C with a 10 °C/min heating rate under air. Elemental analysis was performed using ELEMENTAR
apparatus with three columns and detector for carbon, nitrogen, hydrogen and sulfur elements. Molecular weight distri-
butions were determined by size exclusion chromatography (SEC) equipped with a refractive index detector (operated
at 50 °C) providing the parameters Mn, Mw, and PDI.

Example 1: Synthesis of amino- functionalized Polyglycerol (PG-NH,)

[0045] %5amino-functionalized polyglycerol (%5PG-NH2) was synthesized according to a reported procedure in lit-
erature. In a three-step protocol, hyperbranched polyglycerol (hPG, molecular weight of Mn= 6300 g mol-1, PDI< 1.2,
and a degree of branching of ~ 60%) was mesylated and subsequently transformed to azido-functionalized derivative
through reaction with sodium azide in aqueous solution. Finally reduction of azide functional groups to amino analogs
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using triphenylphosphine yielded hPG-NH,.

Example 2: General procedure for functionalization of carbon based nanomaterials by triazine (CBNs-trz)

[0046] In a typical reaction cyanuric chloride (10g, 0.054 mol) was dissolved in 30 ml NMP (or 1,2-dichlorobenzene)
and then sodium azide (3.52g, 0.054 mol) (dispersed in 10 ml of the same solvent) was added to this solution at 0 °C
and the mixture was stirred for 60 min. Color of solution was changed to yellow and then orange and NaCl was formed
as a white precipitate. Then, CBN (1 g) was added to the mixture and it was stirred at 0 °C for 2 h. To obtain CBNs with
different density of functional groups, temperature was raised to 25 or 70 °C and mixture was stirred for additional 10
h. Meanwhile, the mixture was sonicated several minutes. In the case of DWNT and RGO, nitrogen was bubbled from
the reaction mixture, especially upon sonication. Then, the reaction was cooled down and it was centrifuged at 8000
rpm for 6 min. The precipitate was dispersed in acetone and again collected by centrifugation three times. Then, the
product was dispersed in water and collected by centrifugation at the same rpm two times. Finally, it was again dispersed
in acetone and precipitated by centrifugation at 8000 rpm. Then, the product was lyophilized overnight. The weight of
the product increased when compared to the starting CBNs 5-15% depending on the type of CBN.

Example 3: Reaction between CBNs-trz and PG-NH, in water

[0047] In a typical reaction, a fine powder (0.2 g) of CBNs-trz was added to 50 ml water in a round bottom flask and
it was sonicated for 20 min to obtain a fine dispersion of CBNs. Then, PG-NH, (1.8 g) dissolved in 20 ml water was
added to the mixture at 0 °C and it was stirred at this temperature for 1 h. Then, the mixture was sonicated at room
temperature for 15 min and stirred at this temperature for 2 days. Then the mixture was centrifuged at 3000 rpm for 10
min to separate the nonfunctionalized CBNs and the supernatant was dialysed in water for 2 days to obtain the pure
polyglycerol functionalized CBNs (CBNs-PG).

Example 4: Reaction between CBNs-trz and PG-NH, in NMP

[0048] In a typical reaction, a single walled carbon nanotube (SWNT) (0.3 g) was dispersed in 200 ml NMP and then
was sonicated at room temperature for 2 h. Then, PG-NH, (4.2 g) dissolved in 20 mI NMP was added to the mixture at
0 °C and it was stirred at this temperature for 2 h. Triethylamine (Et;N) (2 ml) was added to the mixture and it was stirred
at room temperature for one week. In intervals, the mixture was sometimes sonicated for 5-10 min. The product was
precipitated in acetone and dialyzed in water for two days.

Example 5: Sulfunation of CBNs-PG

[0049] RGO-PG (0.7 g) was dried by a lyophilizer and dispersed in dry DMF (20 ml) and then pryridine sulfur trioxide
(2.5 g), dissolved in 10 ml dry DMF, was added to the RGO-PG dispersion over 1 h at 60 °C. The mixture precipitated
after 30 min. The precipitate was dissolved by sonication and then sonicated at 55 °C for additional 1 h. Again, the
mixture was precipitated. The precipitated compound in DMF was stirred overnight.

Example 6: Preparation of azido-functionalized CBNs-PG (CBNs-PG-N,)

[0050] In a typical reaction, to a water solution of CBNs-PG (0.1 g in 15 ml water) sodium azide (0.4 g) was added at
0 °C and the solution was stirred at this temperature for 1 h and then at room temperature overnight. The reaction was
cooled down and the product was dialyzed in water for 2 days.

Example 7: Investigation of a click reaction between CBNs-PG-N5 and propargyl bromide

[0051] CBNs-PG-N; (0.05 g) was added to methanol (15 ml) in a round bottom flask and it was sonicated for 20 min.
Then, propargyl bromide (1 ml) was added to this solution at room temperature and it was stirred for 1 h. IR spectra
recorded from the reaction mixture didn’t show any azide absorption band after 30-120 min depending on the type of
CBN. The product was several times precipitated in acetone and it was dried under vacuum.

Claims

1. A method for functionalizing carbon based nanomaterials, comprising reacting a carbon based nanomaterial (CBN)
comprising at least one conjugated z-electron system with a compound of the following general Formula (1):
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R N R2
A

T

Formula (1')

| N N

wherein Q represents a nitrene precursor or a nitrene and
R and R2 independently from each other represent a leaving group;

to obtain a functionalized carbon based nanomaterial of the following general Formula (2):

R1 N R2 .
X

o X
Formula (2).
The method according to claim 1, wherein the reaction is carried out at a temperature of 50°C or below.

The method according to claim 1 or 2, wherein the reaction mixture is sonicated.

The method according to any one of claims 1 to 3, wherein R! and R2 are independently selected from fluoride,
chloride, bromide, iodide and tosylate.

The method according to any one of claims 1 to 4, wherein Q is an azide group or an isocyanate group.

The method according to claim 5, wherein Q is an azide group and the compound of general Formula (1) is generated
in situ by the reaction of a metal azide and a compound of the general Formula (3):
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R N\ R2
NYN
R3

Formula (3)

wherein R1 and R2 are defined as above; and
R3 is selected from selected from fluoride, chloride, bromide, iodide and tosylate.

The method according to claim 6, wherein each of R, R2 and R3 is chloride and the metal azide is sodium azide.
The method according to any one of claims 1 to 7, wherein the carbon based nanomaterial is selected from the
group consisting of carbon nanotubes, graphene, graphite, graphene oxide, graphite oxide, nanodiamonds, nano-

horns, nanoonions, carbon dots and fullerenes.

The method according to any one of claims 1 to 8, further comprising reacting the functionalized carbon based
nanomaterial of the following general Formula (2)

Formula (2)

with a nucleophilic compound X to obtain a post-functionalized carbon based nanomaterial according to the following
general Formula (4):
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A 2
XlN\R

N N

"

Formula (4)

The method according to claim 9, wherein the nucleophilic compound X is an amino-functionalized polyglycerol, an
amino-functionalized cyclodextrin, a polymer, an initiator for polymerization, an amino acid, a biopolymer, DNA,
RNA, a dye, a fluorescein or a polycaprolactone.

The method according to claim 9 or 10, further comprising reacting the post-functionalized carbon based nanomaterial

according to general Formula (4) with a nucleophilic compound Y to obtain a post-functionalized carbon based
nanomaterial according to the following general Formula (5):

X N Y
X

L

N

Who

\

Formula (5)

The method according to claim 11, wherein the reaction with the nucleophilic compound X is carried out at a
temperature lower than the reaction with the nucleophilic compound Y.

The method according to claims 11 or 12, wherein the nucleophilic compound Y is an azide or a thiol for further
post-functionalization.

Use of a compound represented by the following general Formula (1):
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Formula (1)

N N

wherein Q represents a nitrene precursor or a nitrene; and
R and R2 independently from each other represent a leaving group or a reacting functional group,

in the functionalization of carbon based nanomaterials by [2+1] nitrene cycloaddition.

15. Afunctionalized or post-functionalized carbon based nanomaterial represented by the following general Formula (6):

Vo X
Formula (6)

wherein Z! and Z2 are independently from each other selected from a halogen atom, an amino group, a hydroxy
group, an ether group, an ester group, a substituted or unsubstituted alkyl group, a substituted or unsubstituted
aromatic group, an substituted or unsubstituted heteroaromatic group, a polyglycerol group, a macrocycle, a nan-
oparticle, a cyclodextrin, a calixarene, a polymer, an initiator for polymerization, an amino acid, a biopolymer, DNA,
RNA, a biomacromolecule, a macromolecule and a dye.

Patentanspriiche
1. Verfahren zur Funktionalisierung von Nanomaterialien auf Kohlenstoffbasis, umfassend das Umsetzen eines Na-

nomaterials auf Kohlenstoffbasis (CBN), das mindestens ein konjugiertes z-Elektronensystem umfasst, mit einer
Verbindung der folgenden allgemeinen Formel (1):
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Formel (1)

wobei Q einen Nitrenvorlaufer oder ein Nitren darstellt und
R und R2 unabhangig voneinander eine Abgangsgruppe darstellen;

um ein funktionalisiertes Nanomaterial auf Kohlenstoffbasis der folgenden allgemeinen Formel (2) zu erhalten:

Formel (2).

Verfahren nach Anspruch 1, wobei die Reaktion bei einer Temperatur von 50°C oder niedriger durchgefiihrt wird.
Verfahren nach Anspruch 1 oder 2, wobei das Reaktionsgemisch mit einer Ultraschallbehandlung versehen wird.

Verfahren nach einem der Anspriiche 1 bis 3, wobei R! und R2 unabhéngig voneinander ausgewahlt sind aus
Fluorid, Chlorid, Bromid, lodid und Tosylat.

Verfahren nach einem der Anspriiche 1 bis 4, wobei Q eine Azidgruppe oder eine Isocyanatgruppe ist.

Verfahren nach Anspruch 5, wobei Q eine Azidgruppe ist und die Verbindung der allgemeinen Formel (1) in situ
durch die Umsetzung eines Metallazids und einer Verbindung der allgemeinen Formel (3) erzeugt wird:
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Formel (3)

wobei R1 und R2 wie vorstehend definiert sind; und
R3 ausgewahlt ist aus Fluorid, Chlorid, Bromid, lodid und Tosylat.

Verfahren nach Anspruch 6, wobei jedes von R', R2 und R3 Chilorid ist und das Metallazid Natriumazid ist.
Verfahren nach einem der Anspriiche 1 bis 7, wobei das Nanomaterial auf Kohlenstoffbasis ausgewahlt ist aus der
Gruppe, bestehend aus Kohlenstoff-Nanordhren, Graphen, Graphit, Graphenoxid, Graphitoxid, Nanodiamanten,

Nanohoérnern, Nanozwiebeln, Kohlenstoffpunkten und Fullerenen.

Verfahren nach einem der Anspriiche 1 bis 8, weiter umfassend das Umsetzen des funktionalisierten Nanomaterials
auf Kohlenstoffbasis der folgenden allgemeinen Formel (2)

Formel (2)

mit einer nucleophilen Verbindung X, um ein postfunktionalisiertes Nanomaterial auf Kohlenstoffbasis geman der
folgenden allgemeinen Formel (4) zu erhalten:
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[T
T

VAV

X R2

Formel (4)

Verfahren nach Anspruch 9, wobei die nucleophile Verbindung X ein aminofunktionalisiertes Polyglycerin, ein ami-
nofunktionalisiertes Cyclodextrin, ein Polymer, ein Initiator fiir Polymerisation, eine Aminosaure, ein Biopolymer,
DNA, RNA, ein Farbstoff, ein Fluoreszein oder ein Polycaprolacton ist.

Verfahren nach Anspruch 9 oder 10, weiter umfassend das Umsetzen des postfunktionalisierten Nanomaterials auf
Kohlenstoffbasis gemaR der allgemeinen Formel (4) mit einer nucleophilen Verbindung Y, um ein postfunktionali-
siertes Nanomaterial auf Kohlenstoffbasis gemaf der folgenden allgemeinen Formel (5) zu erhalten:

Formel (5)

Verfahren nach Anspruch 11, wobei die Umsetzung mit der nucleophilen Verbindung X bei einer niedrigeren Tem-
peratur durchgefiihrt wird als die Umsetzung mit der nucleophilen Verbindung Y.

Verfahren nach den Anspriichen 11 oder 12, wobei die nucleophile Verbindung Y ein Azid oder ein Thiol zur weiteren
Postfunktionalisierung ist.

Verwendung einer Verbindung, dargestellt durch die folgende allgemeine Formel (1):
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Formel (1)

wobei Q einen Nitrenvorlaufer oder ein Nitren darstellt; und
R’ und R2 unabhangig voneinander eine Abgangsgruppe oder eine reagierende funktionelle Gruppe darstellen,
bei der Funktionalisierung von Nanomaterialien auf Kohlenstoffbasis durch [2+1] Nitren-Cycloaddition.

15. Funktionalisiertes oder postfunktionalisiertes Nanomaterial auf Kohlenstoffbasis, dargestellt durch die folgende all-
gemeine Formel (6):

Formel (6)

wobei Z! und Z2 unabhéngig voneinander ausgewéhlt sind aus einem Halogenatom, einer Aminogruppe, einer
Hydroxygruppe, einer Ethergruppe, einer Estergruppe, einer substituierten oder unsubstituierten Alkylgruppe, einer
substituierten oder unsubstituierten aromatischen Gruppe, einer substituierten oder unsubstituierten heteroaroma-
tischen Gruppe, einer Polyglyceringruppe, einem Makrozyklus, einem Nanopartikel, einem Cyclodextrin, einem
Calixaren, einem Polymer, einem Initiator zur Polymerisation, einer Aminosaure, einem Biopolymer, DNA, RNA,
einem Biomakromolekiil, einem Makromolekil und einem Farbstoff.

Revendications
1. Procédé de fonctionnalisation de nanomatériaux a base de carbone, comprenant faire réagir un nanomatériau a

base de carbone (CBN) comprenant au moins un systéme a électrons z conjugué avec un composé de la Formule
générale suivante (1) :
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Formule (1)

dans laquelle Q représente un précurseur de nitréne ou un nitréne et
R' et R2 indépendamment I'un de I'autre représentent un groupe partant ;

pour obtenir un nanomatériau a base de carbone fonctionnalisé de la Formule générale suivante (2) :
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Formule (2).

Procédé selon la revendication 1, dans lequel la réaction est effectuée a une température de 50°C ou inférieure.
Procédé selon la revendication 1 ou 2, dans lequel le mélange réactionnel est ultrasoniqué.

Procédé selon I'une quelconque des revendications 1 & 3, dans lequel R et R2 sont indépendamment sélectionnés
parmi fluorure, chlorure, bromure, iodure et tosylate.

Procédé selon'une quelconque des revendications 1 a4, dans lequel Q est un groupe azide ou un groupe isocyanate.

Procédé selon la revendication 5, dans lequel Q est un groupe azide et le composé de Formule générale (1) est
généré in situ par la réaction d’'un azide métallique et d’'un composé de la Formule générale (3) :
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r\!Y
R

3

Formule (3)

dans laquelle R" et R2 sont définis comme ci-dessus ; et
R3 est sélectionné parmi fluorure, chlorure, bromure, iodure et tosylate.

Procédé selon la revendication 6, dans lequel chacun de R, R2? et R3 est chlorure et I'azide métallique est I'azide
de sodium.

Procédé selon I'une quelconque des revendications 1 a 7, dans lequel le nanomatériau a base de carbone est
sélectionné parmi le groupe constitué de nanotubes de carbone, graphéne, graphite, oxyde de graphéne, oxyde

de graphite, nanodiamants, nanocomets, nano-oignons, boites de carbone et fullerénes.

Procédé selon I'une quelconque des revendications 1 a 8, comprenant en outre faire réagir le nanomatériau a base
de carbone fonctionnalisé de la Formule générale suivante (2)
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avec un composé nucléophile X pour obtenir un nanomatériau a base de carbone post-fonctionnalisé selon la

Formule générale suivante (4) :

EP 3 201 130 B1

Formule (2)
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Formule (4).

10. Procédé selon la revendication 9, dans lequel le composé nucléophile X est un polyglycérol amino-fonctionnalisé,

1.

une cyclodextrine amino-fonctionnalisée, un polymeére, un initiateur de polymérisation, un acide aminé, un biopoly-
meére, de 'ADN, de '’ARN, un colorant, une fluorescéine ou une polycaprolactone.

Procédé selon la revendication 9 ou 10, comprenant en outre faire réagir le nanomatériau a base de carbone post-

fonctionnalisé selon la Formule générale (4) avec un composé nucléophile Y pour obtenir un nanomatériau a base
de carbone post-fonctionnalisé selon la Formule générale suivante (5) :
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Formule (5).

Procédé selon la revendication 11, dans lequel la réaction avec le composé nucléophile X est effectuée a une
température inférieure a la réaction avec le composé nucléophile Y.

Procédé selon la revendication 11 ou 12, dans lequel le composé nucléophile Y est un azide ou un thiol pour post-
fonctionnalisation supplémentaire.

Utilisation d’'un composé représenté par la Formule générale suivante (1) :
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15. Nanomatériau a base de carbone fonctionnalisé ou post-fonctionnalisé représenté par la Formule générale suivante

(6):

EP 3 201 130 B1

Formule (1)

dans laquelle Q représente un précurseur de nitréne ou un nitréne ; et
R' et R2 indépendamment I'un de I'autre représentent un groupe partant ou un groupe fonctionnel réactif,
dans la fonctionnalisation de nanomatériaux a base de carbone par une cycloaddition [2+1] de nitrénes.
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Formule (6)

dans laquelle Z' et Z2 sont indépendamment I'un de I'autre sélectionnés parmi un atome d’halogéne, un groupe
amino, un groupe hydroxy, un groupe éther, un groupe ester, un groupe alkyle substitué ou non substitué, un groupe
aromatique substitué ou non substitué, un groupe hétéroaromatique substitué ou non substitué, un groupe polygly-
cérol, un macrocycle, une nanoparticule, une cyclodextrine, un calixaréne, un polymére, un initiateur de polyméri-
sation, un acide aminé, un biopolymére, de 'ADN, de I'’ARN, une biomacromolécule, une macromolécule et un
colorant.
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Figure 4
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Figure 5 (top)
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Figure 5 (bottom)
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